Abstract. Changes in blood flow velocity through the tumors can induce damage of tumor microcirculation and thus may contribute to the final destruction of tumor masses after photodynamic therapy (PDT). The aim of this study was to evaluate the blood flow changes in a SCCVII mouse carcinoma during Photofrin-based photodynamic therapy by analyzing several quantitative spectral Doppler parameters [maximum systolic flow velocity (Vmax), end diastolic velocity (Vmin), resistance index (RI) and pulsatile index (PI)] by using the color Doppler ultrasonography. Blood flow velocities were recorded immediately prior to tumor illumination (0 h) and then 2 and 24 h after the illumination. Statistically significant increase in diastolic blood velocity (Vmin) with a corresponding decline in RI and PI was recorded in tumors of the Photofrin-injected mice prior to tumor illumination. However, 2 h after the illumination a pronounced decrease in both Vmin and Vmax was obtained. There were no changes of these parameters in controls at different times during determination. The observed changes of spectral Doppler parameters in tumors from the PDT group point to the transition of tumor blood vessels from the relaxation state recorded before tumor illumination into a state of increased contraction after the activation of Photofrin by light. Pronounced changes in tumor blood vessel tone might be an additional stress for such vessels leading to their ultimate destruction.
Introduction
Photodynamic therapy (PDT) is one of the approaches used in controlling tumor growth. Photoactive components in combinations with the light of adequate wavelength are responsible for tumor destruction through the action of highly reactive oxygen intermediates and host immune system activation, or by damaging tumor vascular structures (1) . Further, it should be kept in mind that vessel structures are more vulnerable in tumor than in normal tissue (2, 3) . It has been shown that PDT induces damage of tumor microcirculation acting either directly on the structure of blood vessels, or by changing blood flow rate (4) (5) (6) . Both could be responsible for additional tumor destruction in PDT. In fact, while it seems pretty clear that the PDT eventually results in excluding the tumor vasculature due to reducing the blood flow through the tumor, platelet aggregation and the constriction of tumor vessels (4, 5, 7, 8) there is still a lack of information on the changes in the blood flow through tumors immediately before or shortly following tumor exposure to the light during a photodynamic treatment.
Various imaging techniques have been used to assess tumor blood flow during PDT. In contrast to invasive methods such as intratumoral laser Doppler velocimeter (9) and intravital fluorescence microscopy (10), color Doppler ultrasonography (CDU) represents a non-invasive method to estimate in real-time the blood flow velocity in arterioles (11) . The CDU as a readily accessible, easy to use, quick and safe method have got a significant role in diagnosis and treatment assessments. In addition, the method allows us to quantify the tumor microcirculation several times in the same patient. Numerous clinical studies have shown the usefulness of CDU in the monitoring of the effects of chemotherapy (12) and radiotherapy (13) , but only one study, which surveyed the effects of photodynamic therapy in patient with age-related macular degeneration, has been recently published (14) . However, there are no data available about the use of CDU either in the monitoring of efficiency of PDT in the cancer treatment or in the characterisation of vascular changes in tumors during PDT.
In this study, by using the CDU, we analysed several quantitative spectral Doppler parameters (maximal and minimal velocities of blood flow and resistance and pulsatile indices) in order to characterize the vascular response in tumors of the Photofrin-injected tumor-bearing mice at particular times prior to and after the exposure to light. This is the first study on such an investigation during a photodynamic treatment. Given the complexity of vascular responses in tumors during PDT as well as taking into account that the therapeutic success of PDT is dependent on the degree of damage to tumor blood vessels, better knowledge of the sequence of events that preceded the destruction of tumor vasculature can contribute to establishing a more efficient PDT protocol for cancer treatment. Photosensitizer and source of light. The photosensitizer, Photofrin II (Quadra Logic Technologies, Vancouver, Canada), was dissolved in 5% dextrose at a concentration of 1 mg/ml. It was administered intraperitoneally to the animals at the dose of 20 mg/kg at 48 h before tumor illumination. As the source of light, we used a 250 W halogen lamp equipped with the focusing system and a set of optical cut-on and cut-off filters which eliminated all light wavelengths outside the 600-700 nm interval.
Materials and methods

Animals
Tumor treatment. Eight days after tumor cell inoculation, when the tumors reached 7-8 mm in diameter, animals were divided in two groups, the control and photodynamic therapy (PDT) group. Seven mice were used in each group. Mice in the PDT group were intraperitoneally injected with Photofrin in a dose of 20 mg/kg and two days after the Photofrin injection, the legs with tumors received 630 nm-wavelength light treatment over a period of 20 min. The control mice received 5% dextrose (no Photofrin) and two days later, the same light treatment as the mice from the PDT group. In the period after the Photofrin administration mice from both experimental and control groups were kept in a dark chamber.
Determination of spectral Doppler blood flow parameters in tumors.
The determination of spectral Doppler blood flow parameters in tumors was performed two days after the Photofrin injection i.e. 10 days after the tumor cell inoculation.
At that point, the tumors were ~10 mm in the longest diameter and blood vessels were detectable on color Doppler ultrasound. Tumors were imaged with an Acuson 128 XP machine (Mountain View, CA, USA) using a 7 MHz linear array probe directly before the light treatment and then 2 and 24 h after the tumor illumination. The total examination time per animal was ~10 min. Specially designed holders were used for immobilizing the mice during PDT illumination without anaesthesia. The ultrasound probe was covered with copious amounts of gel so as to not apply significant external pressure on the tumor, which might alter blood flow. When tumor vessels were detected by color Doppler, flow velocity waveforms were recorded in the pulsed Doppler mode by placing the sample volume over the colored vessels. Maximum systolic flow velocity (Vmax) and end diastolic velocity (Vmin) were recorded in the tumor vessels and the resistance index (RI) and pulsatile index (PI) were computed using the velocity data. The resistance index was computed according to the Pourcelot's formula: RI = (Vmax-Vmin)/Vmax, while the pulsatile or impedance index was calculated using the formula PI = (Vmax-Vmin)/Vmean, where Vmean designates the mean blood flow velocity.
Statistical analysis. Data are expressed as mean ± standard deviations. Intergroup comparison between PDT and controls in the respective measuring point was performed by the t-test for independent samples. To analyze the differences between measuring points in the same group, ANOVA for repeated measures was used. If ANOVA showed significant differences, a paired t-test with Bonferroni correction for multiple comparisons was used to locate the point of significance (15) . All statistical analyses were performed using the SigmaStat statistical software. P-values <0.05 were considered as statistically significant.
Results
The mice bearing SCCVII carcinoma transplanted in the right flank (n=7) were injected i.p. with 20 mg/kg of Photofrin when the tumors were ~8-9 mm in diameter. Forty-eight hours later the tumors of the mice from control (no Photofrin injected) and PDT groups were illuminated with a 630 nm-wavelength for 20 min. The measurements of blood flow parameters were performed immediately prior to (0 h) and then 2 and 24 h after tumor illumination.
Changes in the end diastolic velocity (Vmin) and the maximum systolic velocity (Vmax) are presented in Figs. 1  and 2 , respectively. At the time 0 i.e. just prior to light exposure, the values of Vmin in the PDT group were significantly higher (~37%) than in the control group. In contrast to Vmin, there were no differences in the maximum systolic velocity (Vmax) between these two groups (Fig. 2) at the time 0. Two hours later a significant decrease of both Vmin (45%) and Vmax (~35%) was observed in tumors of PDT-treated mice. At 24 h, there were no differences in Vmin and Vmax between the PDT-treated mice and their controls. There were no significant changes of these parameters in controls at different times during determination.
Prior tumor exposure to light (the time 0), as a result of the pronounced increase of the diastolic blood flow velocity (Vmin), the resulting pulsatile index (PI, Fig. 3 ) was ~40% lower (P<0.05) in the Photofrin-injected mice. However, 2 h after the baseline measuring, an increase of PI was observed, but the difference obtained was not at the statistically significant level. At 24 h, the values of PI increased and were similar to its values in the control animals. Further, as presented in Fig. 4 , the resistance index (RI) also significantly decreased at the time 0, but that reduction was somewhat lower than it was for the PI (22 vs. 40%).
Discussion
Presented results pointed to pronounced changes in blood flow parameters in the tumor of Photofrin-treated mice prior to and after local light application. By using color Doppler ultrasonography the blood flow velocity was determined in tumor blood vessels. A significant increase of blood flow, especially the diastolic blood flow velocity, was recorded at 48 h following i.p. Photofrin injection, but 2 h after tumor illumination a pronounced decrease in blood flow velocity was obtained.
The observation that the application of Photofrin resulted in a significant increase of blood flow in tumors 48 h following injection deserves special attention. There are at least two possible explanations for the recorded increase in blood flow under the influence of non-activated Photofrin: i) vasodilatation of the functionally active mature tumor blood vessels and ii) opening of the previously closed arteriovenous shunts and/or blood vessels.
Taking into account that the observed increase of diastolic blood flow velocity was accompanied with a significant decrease of pulsatile and resistance indices, in addition to the fact that these indices are good indicators of changes in vascular resistance (16, 17) , it can be assumed that the nonactivated Photofrin, by causing vasodilatation, reduces the vascular resistance and thus increases the blood flow through the tumor. With respect to the specifics of tumor microcirculation, at this point, a question araises about the ability of tumor blood vessels to respond by changing their muscle tone on the stimulation with vasomodulatory substances. Indeed, newly formed tumor microvessels lack smooth muscle layers and are therefore unable to provide autoregulation. However, pre-existing normal vessels encased by tumor have smooth muscle layers and therefore can functionally respond to different vasoactive stimuli. Furthermore, several studies have provided indirect evidence that at least a proportion of the tumor vasculature can respond to vasomodulatory drugs and thereby increase oxygenation and drug delivery to tumors (18, 19) . Thus, the increase in blood flow velocity recorded in this study can be also, at least partly, attributed to the vasodilatation of such pre-existing mature tumor blood vessels.
Taking into account the fact that only 20-80% of tumor vessels are actually perfused (20) as well as that increase of blood flow accompanied by a high diastolic flow as observed in our study, is a characteristic Doppler finding for the arteriovenous shunts (21), we can also assume opening of the previously closed arteriovenous shunts and/or blood vessels. Due to the above-mentioned changes in blood flow velocity/ vascular resistance, more and more blood enters into the tumor areas that were hypoxic or ischemic. As a consequence of such an extensive tumor circulation, the numerous tumor areas become not only better oxygenated, but also overfilled with the photosensitizer (22) . Increased tumor oxygenation could have a benefit not only for the PDT itself (23, 24) , but also for other modalities of antitumor therapy whose therapy outcome depends on intra-tumor oxygen concentration as it is the case, for example, in radiotherapy (25) . Therefore, the obtained results suggest the possible use of Photofrin as a vasoactive substance for increasing tumor perfusion and oxygenation in antitumor therapies that use the so-called 'pro-vascular' approach as the first component in antitumor treatment (26) .
Furthermore, the reduction of blood flow velocity along with the increase of RI and PI, which was observed after the activation of Photofrin by light, points to the increase in vascular resistance in tumors from the PDT group. This decrease in blood flow velocity could be, at least partly, explained by a vasoconstriction of 'functionally' active blood vessels inside the tumors (26) , although other physiological responses initiated after endothelial cell damage, such as platelet aggregation, the release of vasoactive molecule as a consequence of acting either the photoactive substance itself or some of the components produced after its photoactivation, leukocyte adhesion and increase in vascular permeability (4, 5, 7, 8) , must also be taken into account. In this context as well as in line with the fact that after the activation of Photofrin by the light an intensive production of oxygen radicals was observed (1), it can be assumed that these reactive oxygen species represent a switch causing the transition of tumor blood vessels from the relaxation state recorded before tumor illumination into a state of increased contraction after the illumination. Similarly to our results, Yu et al have detected a decrease in relative blood flow in fibrosarcoma murine tumors at 3 and 6.5 h after PDT (8), while Wieman et al found markedly reduction of tumor blood flow in rat chondrosarcomas even at 5 min after the tumor illumination (9). Engbrecht et al have also demonstrated a significant reduction in blood flow in a human sarcoma xenograft model at 6 h after the Photofrin-mediated PDT (4).
Since the tumor blood vessels are fragile and therefore much more vulnerable than normal blood vessels (2,3), pronounced changes in vascular dynamic as it was showed in this study, could represent an additional mechanical stress for such weak vascular structures and can lead to their ultimate destruction. In addition to the vascular changes, a direct destruction of tumor cells by apoptosis (4, 27) , or the influence of activated host immune system (28), could be also expressed after proper light application to the tumor.
In conclusion, the results obtained have confirmed that the technique of color Doppler ultrasonography can be successfully applied for the characterization of vascular responses during PDT. Pronounced blood flow velocity/vascular resistance changes in tumor vessels of Photofrin-treated mice were observed both prior to as well as after local light application. Considering that vessel structures are more vulnerable in tumors than in normal tissues, frequent and pronounced changes in vascular tone of the tumor blood vessels may be important for their ultimate destruction and therefore may contribute to the final destruction of a tumor mass after PDT treatment. Moreover, the pronounced vasodilatatory effect of non-activated Photofrin obtained in this study suggests the possible use of this photoactive substance as a 'pro-vascular' agent for increasing the blood flow through the tumor in the combined antitumor therapeutic modalities.
